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Available online 9 December 2014AbstractThe strength of a material is dependent on how dislocations in its crystal lattice can be easily propagated. These dislocations create stress
fields within the material depending on their intrinsic character. Generally, the following strengthening mechanisms are relevant in wrought
magnesium materials tested at room temperature: fine-grain strengthening, precipitate strengthening and solid solution strengthening as well as
texture strengthening. The indirect-extruded Mge8Sn (T8) and Mge8Sne1Ale1Zn (TAZ811) alloys present superior tensile properties
compared to the commercial AZ31 alloy extruded in the same condition. The contributions to the strengthen of MgeSn based alloys made by
four strengthening mechanisms were calculated quantitatively based on the microstructure characteristics, physical characteristics, thermo-
mechanical analysis and interactions of alloying elements using AZ31 alloy as benchmark.
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MgeSn system is known as a precipitation system, which
has a relatively high solubility limit (3.35 at %) at 834 K and
low solubility at ambient temperature. This is an age harden-
able system with the potential to form 10 vol.% of Mg2Sn. The
Mg2Sn precipitate (FCC, a ¼ 0.676 nm, point group m3m) has
a high melting temperature (770 C) and alloys based on this
system are thought to show some promise for use in applica-
tions requiring elevated temperature creep resistance [1e3]. In
recent years, there is an increasing interest in the development* Corresponding authors. Key Laboratory of Interface Science and Engi-
neering in Advanced Materials, Ministry of Education, Taiyuan University of
Technology, Taiyuan 030024, China.
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Choof high strength wrought MgeSn based alloys. The results
indicated that the MgeSn based alloys show higher tensile
strength and similar elongations compared to a commercial
AZ31 alloy [4e6].
The strength of a material is dependent on how dislocations
in its crystal lattice can be easily propagated. These disloca-
tions create stress fields within the material depending on their
intrinsic character. Generally, the following strengthening
mechanisms such as grain boundary strengthening (GBS),
precipitates strengthening (PS), texture strengthening (TS) and
solid solution strengthening (SS) are relevant in extruded and
rolled magnesium materials tested at room temperature
[7e10]. The contributions to the strengthen of the alloy made
by four strengthening mechanisms were calculated quantita-
tively based on the microstructure characteristics, physical
characteristics, thermomechanical analysis and interactions of
alloying elements using AZ31 alloy as benchmark and
compared with those of the experimental results.ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Stressestrain curves of the three alloys at room temperature tensile
deformation.
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Analyzed compositions of the T8, TAZ811 and AZ31 were
Mge8.0 wt.%Sn, Mge7.95 wt.%Sne0.95Ale0.95Zn and
Mge2.90 wt.%Ale0.69 wt.%Zne0.32 wt.%Mn, respectively.
Alloys were prepared from high purity (99.99%) Mg, Sn, Zn
and Al by induction melting in a cemented graphite crucible at
approximately 720 C under a CO2 þ SF6 atmosphere and
casting into a steel mold pre-heated to 200 C. After casting,
T8 and TAZ811 alloys were homogenized at 500 C for 3 h
and then water-quenched to induce a supersaturated solid so-
lution. In the case of AZ31, the billet was homogenized at
400 C for 24 h and cooled by air. Afterward, the billets were
extruded at 250 C with a ram speed of 1.3 mm/s (corre-
sponding to extrusion speeds of 2 m/min) and extrusion ratio
of 25.
Microstructural and textural examinations were conducted
in the longitudinal section parallel to the extrusion direction
(ED). For microstructure observations, specimens were etched
after polishing in a solution of picric and acetic acid for 10 s.
The average grain size was analyzed from several micrographs
using a liner intercept measurement. Scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM)
were used to study the morphology, characterization and
volume faction of second-phases particles. Texture measure-
ments were taken via X-ray diffraction in the back reflection
mode with monochromatic Cu Ka radiation.
Tensile test was conducted using an Instron 4206 universal
testing machine equipped with 10 mm gauge extensometer.
The extruded rods were machined into tensile samples with a
gage length of 25 mm and a gage diameter of 5 mm. All
tensile tests were carried out with an initial strain rate of
1  103 s1 at ambient temperature, where the tensile di-
rection was the same as the extrusion direction.
3. Results and discussion3.1. Tensile properties of the indirect-extruded alloysTable 1
Tensile properties and grain sizes of the three extruded alloys.
Alloy Ave. grain
size (mm)
Yield strength
(MPa)
Ultimate tensile
strength (MPa)
Elongation (%)
TAZ811 3.2 245 310 17.5
T8 4.7 213 261 20.2
AZ31 9.6 180 263 23.5Typical stressestrain curves of the three alloys are shown
in Fig. 1. Related tensile properties are summarized in Table 1.
There is a significant difference in the mechanical behavior of
the three alloys. TAZ811 showed the highest tensile strength
and medium ductility compared to the other two alloys, having
a failure strain of 17.5%. T8 showed a similar ultimate tensile
strength (UTS) to AZ31 (261 MPa vs 263 MPa); however, T8
showed a higher yield point compared to AZ31, having yield
stress of 180 MPa. AZ31 showed a much lower yield point
compared to the other two alloys, being about 73% of the
value in the cases of TAZ811 alloy, while AZ31 shows a
significantly increased ductility of 23.5%, being almost 1.3
times as ductile as TAZ811. Generally speaking, grain
refinement of materials can lead to the improvement in
strength and ductility simultaneously. However, the MgeSn
based alloys (d ¼ 3.2 and 4.7 mm) accompanying with the
deteriorated ductility exhibited higher strength than AZ31
alloy (d ¼ 9.6 mm). This is due to the following aspects:(i) The easily occurred double twinning related to stronger
fiber texture (see Section 3.2) accelerates cracking,
which is induced by dislocation pile-ups at the twin-
matrix interface [5].
(ii) The value of friction stress and the stress concentration
factor in HallePetch (HeP) relationship are texture
dependence. Stronger fiber texture (see Section 3.2)
results in grains in “hard orientation” (difficult activa-
tion for basal slip, namely poor ductility), which leads
to better strengthening, i.e., higher friction stress and
HeP slope [6].3.2. Microstructure characteristics of the indirect-
extruded alloysThe main differences among the three alloys lied in the
grain size, texture and second-phase particles, as shown in
Figs. 2 and 3. As shown in Fig. 2, AZ31 shows the average
grain size of 9.6 mm, while the grain size is similar in T8 and
TAZ811, but appear to be less in TAZ811 with average grain
size being 3.2 mm. In addition, second-phase particles below
1 mm were observed along the grain boundaries and within the
Mg matrix in MgeSn based alloys. These second-phase par-
ticles are visible in Fig. 2(b) as white regions and dark regions
in Fig. 2(d) and (f). It is also noticeable that the volume
fraction of the second-phase particles in the three alloys is
quite different. In the case of AZ31 alloy, few particles are
visible, indicating that dynamic precipitate ability is weak for
AZ31 during extrusion processing. While, MgeSn based al-
loys show a significant amount of Mg2Sn particles inside the
Fig. 2. Optical, SEM and TEM micrographs of the three alloys, where ED is parallel to the scale bar. (a, b) AZ31, (c, d) T8 (inset: [112]Mg2Sn diffraction pattern)
and (e, f) TAZ811.
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TAZ811. It has been reported that intermetallic phase particles
can have a retardation effect on moving grain boundaries
during grain growth [2]. So it is believed the differences of
grain size between TAZ811 and AZ31 are attributed to the
different amount of second-phase particles.
The inverse pole figures (IPFs) referring to the ED are
provided in Fig. 3. They all reveal a type of fiber texture in
which basal poles are preferentially perpendicular to the ED
and the maximum intensity is centered at [10-10], which is
typical of extruded Mg alloys [2,6,10]. As indicated, TAZ811
alloy shows the strongest fiber texture with the maximal
texture intensity of 4.4, T8 shows the moderate texture with
the maximal texture intensity of 3.9 and AZ31 shows the
weakest texture with the maximal texture intensity of 2.8. The
relatively strong texture of Mge8Sn based alloys was mainly
due to the presence of deformed grains elongated in the ED
based on the previous results [2,6]. In general, the texture of
HCP materials is determined by their c/a ratio as well as by the
active slip systems or twinning during deformation. It is well-
known that a development of strong basal texture during planestrain compression is mainly caused by the activation of basal
slip and tension twinning, and, in particular, that the occur-
rence of extension twins induces a large reorientation of gains
[12]. Subsequent recrystallization would lead to the formation
or strengthening of a basal texture [3].3.3. Strengthening mechanisms in the indirect-extruded
alloys
3.3.1. Grain boundary strengthening
Grain boundary strengthening presented by the well-known
HallePetch relation [6], is an established method of increasing
the yield stress and is the main contributor to the improved
mechanical properties. Calculation by the HallePetch relation
was applied to extruded Mg alloys,
sy ¼ s0þ kd1=2 ð3 1Þ
where s0 and k is experimental constants and d is the grain
size in mm. The value of k is determined by Ref. [11]:
Fig. 3. Inverse pole figures of the three alloys in the ED (a) TAZ811, (b) T8 and (c) AZ31 alloys.
302 W.L. Cheng et al. / Journal of Magnesium and Alloys 2 (2014) 299e304k ¼ m

tc4Gb
ð1 yÞp
1=2
ð3 2Þ
where m is the Taylor factor, tc is the empirical stress for slip
to break through grain boundaries, y ¼ 0:29, and b is the
magnitude of the Burgers vector (3.21  1010 m) for Mg
[12].
When tc is the constant at the condition of d > 1 mm, k is
the constant ð280e320 Mpa= ﬃﬃﬃﬃﬃﬃﬃmmp Þ for Mg. The calculated
results indicate that the increment in yield strength due to
grain refinement from 9.6 to 4.7 and 3.2 mm is about
38.8e44.3 MPa and 66e75 MPa, respectively. It suggests
that strengthening of the MgeSn based alloys compared to
AZ31 is not just coming from the grain boundary
strengthening.
3.3.2. Precipitates strengthening
Precipitates of metastable transition or equilibrium phases
are often key strengthening constituents in many magnesium
alloys [13,14]. The precipitation strengthening involves the
following four processes with the corresponding contributions
[15]:
1) The dislocationeparticle interaction associated with the
Orowan process, Ds0;
2) The load transfers from the matrix to particles, DsT;
3) The generation of dislocations due to the difference be-
tween the thermal expansions of the matrix and particles,
Dsg;
4) The generation of dislocations due to the geometric re-
quirements during deformation, Dsf.
The strength of the extruded solid material can be repre-
sented in the form:
Ds¼ Ds0þDsT þDsg þDsf ð3 3ÞThe version of the Orowan equation currently applied for
the stress required to bow slip dislocations across spherical
particles is [16,17]:
Ds0 ¼

Gb
2pl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 np

log
dp
r0
ð3 4Þ
where G is the shear modulus (¼1.66  104 MPa for magne-
sium), b is the magnitude of the Burgers vector
(3.21 1010 m), n is the Poisson ratio (0.29 for magnesium), l
is the interparticle spacing, dp is the effective particle diameter
on the slip plane and r0 is the dislocation core radius (commonly,
the approximation r0 z b is used). The contributions from
Orowan equation for TAZ811, T8 and AZ31 are 3.2 MPa,
1.70 MPa and 0.7 MPa, respectively. So the relative values for
TAZ811 and T8 are 2.5 MPa and 1.0 MPa, respectively.
The contribution of the load transferring from the matrix to
particles can be defined by the relationship:
DsT ¼ 1=2ssfv ð3 5Þ
where ss (100e150 MPa for Mg alloys [15]) is the yield
strength of the matrix (determined by the supersaturated
magnesium solid solution) and the volume fraction ( fv) of
dispersed particles in TAZ811, T8 and AZ31 are 14.7%, 8.7%
and 3.2%, respectively (see Fig. 2). The contributions of this
process are approximately equal to 7.4e11 MPa, 4.4e6.5 MPa
and 1.2e2.3 MPa for TAZ811, T8 and AZ31, respectively. So
the relative values for TAZ811 and T8 are 6.2e8.7 MPa and
3.2e4.2 MPa, respectively.
For the globular precipitate in present alloys, dp can be
calculated by Eq. (3-6) [16]:
dp ¼ pdt=4 ð3 6Þ
The strengthening due to the difference between the ther-
mal expansions of the matrix and particles is given by Refs.
[15,18,19]:
Table 2
Solid solution strengthening parameters for Zn, Sn and Al atoms in Mg.
Solute Misfit Strengthening rate
d h ε dHv/dC ds/dC
2/3
Al 14% 0.419 2.28 3.3 196 [22]
Zn 17% 0.867 2.85 9.0 905 [21,22]
Sn þ7.5% 0.12 0.67 6.9 389 [26]
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
12DTDCfv
bdp
1=2
ð3 7Þ
where a is a constant, DT is the temperature increment,
DCðCMg  CMg2SnÞ is the difference between the thermal
expansion coefficients of the matrix and particles under
investigation, and dp is the mean planar diameter of the ob-
stacles. When a ¼ 1.25 and fv ¼ 12.6%,
CMg ¼ 2.61  105 K, and CMg2Sn is about 4.5  106 K,
dp ¼ 0.32 mm for Mg2Sn precipitate in TAZ811 and
dp ¼ 0.68 mm for Mg2Sn precipitate in T8. In the present
study, all the tests were carried at room temperature and then
this part of the contributions can be neglected.
The contribution associated with the generation of dislo-
cations due to the geometric requirements during deformation
can be written as [15,19]:
Dsf ¼ aGb

8fvg
bdp
1=2
ð3 8Þ
where g is the shear strain calculated using the Taylor factor.
Then the contribution is estimated to be 17, 10.8 MPa and
6.3 MPa for TAZ811, T8 and AZ31, respectively.
In summary, the relative contributions from precipitate
strengthening are about 19.4e22.3 MPa for TAZ811 and
8.7e9.7 MPa for T8, respectively.
3.3.3. Texture strengthening
The texture influences the strength of hexagonal close
packed (HCP) polycrystals through its effect on the
HallePetch constants [20]. The nature and intensity of
texture decides the magnitude of the orientation factor m in
Eq. (3-9).
ε0 ¼ mt0 ð3 9Þ
In Eq. (3-9), the value of the Taylor orientation factor m is
related to the basal texture in the material. When the texture
is unfavorable for the occurrence of basal slip, the value of m
increases and the material is strengthened. In randomly ori-
ented HCP polycrystal (without texture), m has a value of
~6.5. The extruded texture in magnesium materials (basal
planes parallel to the extrusion direction) is unfavorable for
the occurrence of basal slip and hence the m values are larger
than 6.5. If texture strengthening is the only factor contrib-
uting to s0, the value of m can be calculated by knowing the
texture intensity. For AZ31 alloy, m is 18.2, 6.5 times the
texture intensity. Similarly, m ¼ 25.35 for T8, m ¼ 28.6 for
TAZ811 alloy. On the basis of Eq. (3-9) the s0 values for
MgeSn based alloys may be calculated knowing the relevant
single-crystal resolved stress (t0) and using the above m
values. Based on the previous reports [12], CRSSs of basal
slip, prismatic slip, pyramidal slip and tension twinning of
Mg at elevated temperatures are ranged from 0.6 to 4 MPa.
Due to the lack of data at room temperature, a mean value of
2.3 was adopted in this study. Therefore, the relative con-
tributions from texture strengthening are about 2.77 and
3.61 MPa for T8 and TAZ811, respectively.3.3.4. Solid solution strengthening
It has been reported [21e23] that solutes such as Al, Zn and
Sn increase the critical resolved shear stress for basal slip by
an amount that is proportional to c2/3, where c is the atomic
concentration. If we assume here that Sn, Al and Zn atoms are
present together without interacting with each other, the
strengthening effect due to multiple alloying additions in
MgeSneAleZn ternary alloys might be determined using the
method of Gypen and Deruyttere [24e26]:
Ds¼
 X
i
k
1=n
i Ci
!n
ð3 10Þ
where n is a constant, Ci is the concentration of solute i, and ki
is the strengthening constant for solute i. Theoretical treat-
ments indicate n could equal 2/3, 1 or 1/2 [23,24]. The n value
was determined as 2/3 in this study. For solid solution
strengthening calculation, the parameters for Zn, Sn and Al
atom in Mg are determined and shown in Table 2.
The amount of Sn atoms dissolved into matrix can be
determined by Eq. (3-11).
CSnðat%Þ ¼

100

rMgeSn

*fv*rMg2Sn*½119=ð2*24Þ þ 119
	
119
ð3 11Þ
where rMgeSn ¼ 1.92 g/cm3 (densities of MgeSn based al-
loys), rMg2Sn ¼ 3:59 g=cm3 (densities of Mg2Sn phase).
Therefore, the solid solution strengthening caused by Sn in
T8 and TAZ811 are bout 34 MPa ð389* ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ0:0076p Þ and 19 MPa
ð389* ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ0:0024p Þ, respectively. It should be noted that the
higher strengths of TAZ811 compared with those of T8 is
mainly attributed to the grain boundary strengthening and
solid solubility strengthening as well as texture strengthening
mechanisms resulting from the smaller grain size and higher
solid solubility of Al and Zn in Mg matrix as well as stronger
fiber intensities leading to grains with “hard orientation” in Mg
matrix.
3.3.5. Strengthening effect due to multiple alloying
additions of Al and Zn
Based on the previous literature and phase diagrams
[1,5,6,27], it is assumed that all the Al and Zn atoms were
dissolved into matrix, so the CAl and CZn in AZ31 is 2.6 at%
and 0.37 at%, CAl and CZn in TAZ811 is 0.96 at% and
0.39 at%, respectively. So the compensation strength caused
by Al and Zn between AZ31 and TAZ811 alloys is about
Table 3
The respective contributions of the four strengthening mechanisms to MgeSn based alloys using AZ31 alloy as benchmark.
Alloy GBS (MPa) PS (MPa) TS (MPa) SS by Sn (MPa) SS by Al, Zn (MPa) Calculated (MPa) Experimental (MPa)
T8 39e44.3 8.7e9.7 ~2.77 ~34 41.2 43.27e49.57 ~36 ± 3
TAZ811 66e75 19.4e22.3 ~3.61 ~19 7.4 100.6e112.5 ~68 ± 3
AZ31 Benchmark ~0 ~0
304 W.L. Cheng et al. / Journal of Magnesium and Alloys 2 (2014) 299e3047.4 MPa. While the compensation strength caused by Al and
Zn between AZ31 and T8 alloys is about 41.2 MPa.
The respective contributions of the four strengthening
mechanisms are summarized in Table 3. As indicated, there is
some deviation between calculated and experimental values
due to the deviations of the variates and parameters used in the
equations and the possible defects which come from the
preparation process of the alloy. Further work is required to
determine the accurate values of the parameters in the above
mentioned equations. Anyway, the variation tendency in the
contribution of the four strengthen mechanisms can be referred
as a basis in design and development of high strength wrought
Mg alloys.
4. Summaries
1) Grain size, recrystallization fraction, precipitate
morphology and texture of the indirect-extruded alloys
were greatly affected by the compositions, resulting in the
MgeSn based alloys showing higher tensile strengths than
AZ31 alloy.
2) MgeSn based alloys were mainly strengthened by grain
boundary strengthening, solid solution strengthening,
second-phase precipitates strengthening as well as texture
strengthening mechanisms.
3) When the alloys were strengthened fully by four
strengthening mechanism using AZ31 as benchmark, the
calculated total contribution should reach to
43.27e112.5 MPa which is considerably larger than the
experimental values. The difference between the calcu-
lated values and experimental values comes from the error
of the parameters chosen in calculation and the possible
defects which come from the preparation process of the
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